We evaluated the antiviral activity of the marine alga, Ulva fasciata, collected from Rasa beach and Forno beach, Búzios, Rio de Janeiro, Brazil on the replication of human metapneumovirus (HMPV). The algae extracts were prepared using three different methodologies to compare the activity of different groups of chemical composites obtained through these different methodologies. Four out of the six extracts inhibited nearly 100% of viral replication. The results demonstrated that the majority of the extracts (five out of six) possess virucidal activity and therefore have the ability to interact with the extracellular viral particles and prevent the infection. On the other hand, only two extracts (from Forno beach, obtained by maceration and maceration of the decoction) were able to interact with cell receptors, hindering the viral entry. Finally, only the extract of algae collected at Forno beach, obtained by maceration presented intracellular activity. To our knowledge, this is a pioneer study on antiviral activity of marine algae against HMPV. It is also the first on antiviral activity against HMPV ever done in Brazil. The study also shows the effect of different environment factors and different chemical procedures used to obtain the extract on its biological properties.
INTRODUCTION
Acute respiratory infections (ARIs) are the major cause of childhood morbidity and mortality worldwide. Viruses account for the majority of ARIs in young children and most infections are attributed to respiratory syncytial virus (RSV), parainfluenza virus (PIVs), influenza virus (FluV), rhinovirus (RV) and adenovirus (AdV) 7, 25, 28, 49 . Over the past few years newly described viruses were associated to respiratory infection such as human metapneumovirus (HMPV), the emerging human coronaviruses (HCoV), human bocavirus (HBoV), and the new human papillomaviruses KIPyV and WUPyV 20, 43 .
Human metapneumovirus is a species in the genus Metapneumovirus, family Paramyxoviridae, and was isolated in 2001 by VAN DEN HOOGEN et al. in previously virus-negative nasopharyngeal aspirates from children with respiratory tract infections 46 . Although HMPV infections have been diagnosed in all age groups, this virus has its greatest effect in children 12 . Several studies demonstrated that HMPV accounts for a major proportion of hospitalizations for lower respiratory tract infections in infants and young children 30, 47, 50 . The most frequent diagnoses in hospitalized children are bronchiolitis and pneumonia, but occasionally HMPV may also cause severe illnesses that require treatment at intensive care units 41 .
The burden of HMPV infection in
Brazil has already been demonstrated 3, 5, 8, 31, 35 . No vaccine or antiviral therapy is currently available for prevention or treatment of HMPV infection. However, it has been demonstrated that the antiviral activity of ribavirin against HMPV is equivalent to that observed with RSV 53 . Also, the NMSO3 compound, a sulfated sialyl lipid, has been shown to have antiviral activity against HMPV 54 .
Several natural products can inhibit viruses. Marine natural products contain an abundance of biologically active substances with novel chemical structures and favorable pharmacological activities 26, 27 . Marine organisms are also a promising source of antiviral compounds 13, 26, 27 . Several investigators described the inhibitory effects of algal extracts and their constituents on the replication of some respiratory viruses 10, 11, 18, 19, 34, 42 . Nevertheless, no reports of antiviral activity of marine algae against HMPV has been published, so far. The aim of this study was to evaluate the antiviral activity of a marine alga (Ulva fasciata) on the replication of HMPV. State. The algal material was washed in seawater to eliminate associated organisms and then air-dried at ambient temperature. Voucher specimens (Forno: RFA33611 and Rasa: 33610) were deposited at the Herbarium of the Rio de Janeiro Federal University, Brazil.
MATERIALS AND METHODS

Algal extracts: The alga
The material was separated in equal quantity and extracts were obtained using three different processes: (i) maceration with dichloromethane: methanol (1:1); (ii) decoction with boiling water and (iii) maceration of the decoction with dichloromethane: methanol (1:1) ( Table 1 ). The solvents were evaporated and all the crude extracts were lyophilized. All the extracts obtained were analyzed by Thin Layer Chromatography (TLC). Thin Layer Chromatography (TLC) was performed with Kieselgel 60 F 254 aluminum support plates (Merck). The decoction and the maceration of the decoction extracts were analyzed by 1 H NMR and 13 C NMR spectroscopy.
1 H (200 MHz) and 13 C NMR (50 MHz) spectra were recorded using Bruker Advance spectrometer. Chemical shifts are given in δ (ppm) scale using TMS as internal standard. All the analyses were measured in CDCl 3 . The decoction extracts were analyzed by infrared (IR) spectroscopy. For IR spectrometry a FT-IR Perkin-Elmer spectrum one spectrometers was used.
The extracts were solubilized in dimethyl sulphoxide (DMSO) to a final concentration of 1% and diluted in water to a concentration of 400 mg/mL, sterilized by filtration using Millipore membrane (0.22 mm) and frozen at -20 °C until use.
Cell culture:
Vero cells were grown in Eagle's minimum essential medium (MEM-Eagle) supplemented with 2 mM L-glutamine, 50 mg/mL garamicin, 2.5 mg/mL fungizon, sodium bicarbonate at 0.25%, and 10% of heat-inactivated fetal bovine serum (FBS) and maintained at 37 °C in an atmosphere of 5% CO 2 .
Virus:
A sample of HMPV NL/1/00 was kindly provided by ViroNovative BV, Erasmus University Rotterdam (The Netherlands). Because the viral replication in vitro is dependent of trypsin, this enzyme was added to the culture medium for a final concentration of 1 mg/mL for the antiviral experiments.
Determination of cytotoxicity:
The cytotoxicity assay was performed by incubating Vero cell monolayers cultivated in 96-well microplates with two-fold serial dilutions of the extracts, in triplicate, for seven days at 34 °C. The cellular viability was further evaluated by the neutral red dye-uptake method 29 .
Antiviral assay:
Vero cell monolayers cultivated in 48 wellmicroplates were treated with the algal extracts at a concentration chosen according to the cytotoxicity results ( Table 1) . The wells reserved for cell culture and virus control were not treated with the extracts. Afterwards, 100 mL of a HMPV suspension diluted at 10 -1 were added to treated and untreated cell cultures and incubated in a 5% CO 2 atmosphere at 34 o C for seven days. All experiments were carried out in triplicate.
After incubation the cell monolayer was washed with culture medium. The cells were lysated using guanidine thiocyanate buffer. The viral RNA was extracted and RT-PCR for HMPV was performed according to MACKAY et al. (2003) 23 . The RT-PCR product was analyzed by agarose gel electrophoresis stained with ethidium bromide. A 213bp DNA fragment was observed for the viral control. The antiviral activity was evaluated comparing the intensity of the RT-PCR product obtained from the cell cultures in the presence of the extracts with that of the virus control that was inoculated in the same plate in an untreated cell culture.
6. Extraction of viral RNA: Viral RNA was extracted from the cells lysate using the commercial kit RNAgents RNA Total Isolation System (Promega Madison, USA), according to the manufactory's instructions.
RT-PCR for HMPV:
The amplification of the viral RNA, was performed by using the methodology previously described by MACKAY et al. (2003) 23 , with the primers MPV01.2 (AAC CGT GTA CTA AGT GAT GCA CTC) and MPV02.2 (CAT TGT TTG ACC GGC CCC ATA A), which amplified a fragment of 213bp of the nucleoprotein gene of the HMPV.
Determination of the mechanisms of action:
Once the ability of the algal extract to inhibit the replication of the HMPV was established, several experiments were carried out to elucidate the mechanism involved in the antiviral activity. The experiments were designed in order to demonstrate whether the activity was on the viral particle (virucidal), on the virus-cell interaction (receptors and cell entry) or in a late stage of virus replication (intracellular activity). . All mixtures were incubated at 37 °C for two hours and, immediately after, they were inoculated in Vero cell monolayers grown in 48-well plates, which were incubated for seven days at 34 °C in atmosphere of 5% CO 2 . After incubation the cell monolayer was washed with culture medium, the cells were lysated using guanidine thiocyanate buffer, the viral RNA was extracted and RT-PCR for HMPV was performed as described in 2.7.
Cellular receptors assay:
In order to evaluate the possible effect of the extracts on cell receptors, each extract was added to Vero cell monolayers, incubated at 4 °C for one hour, washed three times with cold MEM-Eagle and 100 mL of a HMPV suspension diluted at 10 -1 was added to treated and untreated cell culture and incubated at 34 °C for seven days. After incubation the cell monolayer was washed with culture 5 medium, the cells were lysated using guanidine thiocyanate buffer, the viral RNA was extracted and RT-PCR for HMPV was performed as described in 2.7.
Cell entry assay:
Vero cell monolayers were inoculated with 100 mL of a HMPV suspension diluted at 10 -1 and incubated for one hour at 4 °C. After absorption of the inocula, the monolayers were washed, treated with the extracts, and incubated for one hour at 37 °C. Afterwards, the monolayers were washed, MEM-Eagle was added and the cells were incubated at 34 °C for seven days in an atmosphere of 5% CO 2 . After incubation the cell monolayer was washed with culture medium, the cells were lysated using guanidine thiocyanate buffer, the viral RNA was extracted and RT-PCR for HMPV was performed as described in 2.7.
Intracellular assay:
Vero cell monolayers were inoculated with 100 mL of a HMPV suspension diluted at 10 -1 and incubated at 37 °C for two hours. After incubation, the cell monolayers were washed and added of each extract. Then, the cells were incubated at 37 °C for 10h, washed, added of MEM-Eagle and incubated again at 34 °C until seven days of infection were completed. After incubation, the cell monolayer was washed with culture medium, the cells were lysated using guanidine thiocyanate buffer, the viral RNA was extracted and RT-PCR for HMPV was performed as described in 2.7.
RESULTS
Algal extracts:
The three extracts of Ulva fasciata obtained from each place (Forno beach and Rasa beach) were analyzed by Thin Layer Chromatography (TLC). This analysis revealed clearly different chemical profiles between the two places. The extracts obtained by maceration and maceration of the decoction showed similar TLC profiles when compared within each site and showed presence of the same major secondary metabolites. The TLC analysis revealed also that, the composition of the decoct extracts was very different when compared to the organic extracts, showing only polar compounds as the majority. The maceration and maceration of the decoction extracts of the U. fasciata from Rasa beach showed both free fatty acids and methyl ester of fatty acids. The signal of the methyl ester was observed at δ 3.70 ppm (bs). The small quantity of sterols was observed again.
The chemical profile of decoction extracts was determined by IR analyses. Absorption bands at 3240, 2359, 1630, 1266 and 741 cm -1 suggested the presence of the sulfate polysaccharides in the crude extract from Forno beach. In the decoction extract of Rasa beach, absorption bands at 3305, 1658, 1431, 1105 and 605 cm -1 were observed.
Cytotoxicity:
Experiments to evaluate the cytotoxicity of the extracts were performed before carrying out the antiviral assays. The results are shown in Table 1 . For the antiviral experiments we used a concentration where at least 80% of the cell culture was viable.
Antiviral activity:
As shown in Fig. 1 and Table 2 , four out of the six extracts inhibited nearly 100% of viral replication at 12.5 ~100 μg/mL since no viral RNA amplification was detected in the cells lysate after RT-PCR, as demonstrated by the absence of the characteristic 213bp DNA fragment in the agarose gel. The remaining two extracts (U. fasciata from Forno beach obtained by decoction and maceration of decoction) presented only partial inhibition. Although the characteristic PCR product had been observed, its intensity in the agarose gel was significantly lower than that of the untreated viral control culture. Fig. 2 and Table 3 , five extracts presented virucidal activity. The exception was the extract of U. fasciata seaweed from Rasa beach obtained by decoction.
Cellular receptors inhibition:
The activity on cellular receptors was better observed in the extracts of the algae collected from Forno beach, prepared by maceration and maceration of decoction. The extracts from Rasa beach prepared by maceration and maceration of decoction, also presented activity, although to a lower degree. The extracts prepared by decoction, from the algae collected from both sites, did not show activity at this stage of the viral replication (Fig. 3, Table 3 ).
Cell entry inhibition:
The extract of U. fasciata from Forno beach prepared by maceration of the decoction, was the only extract that completely inhibited that stage of viral replication. The others also presented activity in this stage of the viral cycle, but to a lower degree (Fig. 4 and Table 3 ).
Intracellular inhibition:
Only the extract from Forno beach, prepared by maceration presented intracellular activity (Fig. 5 and Table 3 ). Fig. 1 -Antiviral activity of several extracts of U. fasciata on the replication of human metapneumovirus. 100 mL of a HMPV suspension diluted at 10 -1 were added to Vero cell cultures treated and untreated with algal extracts. After incubation at 34 o C for 7 days the cell monolayer was washed, lysated, the viral RNA was extracted and RT-PCR for HMPV was performed. The RT-PCR product was analyzed and the antiviral activity was evaluated comparing the intensity of the RT-PCR product obtained from the cell cultures treated and untreated. M -100bp molecular marker (Fermentas); lines 1, 3 and 5 -extracts of U. fasciata obtained from Rasa beach + HMPV: extract prepared by maceration (1) (25 mg/ mL), decoction (3) (100 mg/mL), and maceration of decoction (5) (12.5 mg/mL); lines 2, 4 and 6, same extracts without the HMPV (substance control). Lines 7, 9 and 11 -extracts of U. fasciata obtained from Forno beach + HMPV: extract prepared by maceration (7) (25 mg/mL), decoction (9) (100 mg/mL), and maceration of decoction (11) (25 mg/mL); lines 8, 10 and 12, same extracts without the HMPV (substance control); line 13 -HMPV positive control; line 14 -cell culture control. fasciata. 100 mL of a HMPV suspension diluted at 10 -1 was added to either 900 mL of each extract or MEMEagle (control), incubated at 37 °C for two hours and inoculated in Vero cell monolayers. After incubation for 7 days at 34 °C in atmosphere of 5% CO 2 the cell monolayer was washed, lysated, viral RNA was extracted and RT-PCR for HMPV was performed. The RT-PCR product was analyzed and the antiviral activity was evaluated comparing the intensity of the RT-PCR product obtained from the viral suspension treated and untreated. M -100bp molecular marker (Fermentas); lines 1, 3 and 5 -extracts of U. fasciata obtained from Rasa beach + HMPV: extract prepared by maceration (1) (25 mg/mL), decoction (3) (100 mg/mL), and maceration of decoction (5) (12.5 mg/mL); lines 2, 4 and 6, same extracts without the HMPV (substance control). Lines 7, 9 and 11 -extracts of U. fasciata obtained from Forno beach + HMPV: extract prepared by maceration (7) (25 mg/mL), decoction (9) (100 mg/mL), and maceration of decoction (11) 
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DISCUSSION
Recently, the interest on study biomolecules obtained from marine organism is increasing due to the enormous biotechnological potential of such compounds. Herein we evaluated the inhibitory activity of six extracts obtained from the alga U. fasciata against HMPV. The algae were collected in two different places (Forno beach and Rasa beach) in the city of Búzios, Brazil.
The Ulva genus has a global distribution, and the potential pharmacological application of its compounds have been investigated. Species with algaecide activity 2 , antibiotic and antifungal 4 , and antiviral activity 19 have already been described. The same species used in this work, U. fasciata, was already described as a powerful inhibitor of the replication of HSV-1 39 and HTLV-1 32 .
It is known that environmental factors intervene with the production of the biomass of marine algae 6 and, it is believed that these factors can also influence the production of bioactive components in these algae and, influence its biological activities 32, 36, 44, 52 . Therefore extracts of U. fasciata collected from different regions were tested. Moreover, the extracts were prepared by three distinct methodologies: maceration, decoction and maceration of decoction. With this, antiviral evaluation of different groups of molecules was allowed, since each method aims at the attainment of different groups of constituent.
The preparation of extracts by maceration used a mixture of organic solvents (dichloromethane:methanol, 1:1). In general these solvents Fig. 3 -Inhibition of HMPV-cellular receptors by several extracts of U. fasciata. Algal extracts were added to Vero cell monolayers, incubated one hour at 4 °C, washed three times with cold MEM-Eagle and 100 mL of a HMPV suspension diluted at 10 -1 was added to treated and untreated cell culture and incubated at 34 °C for seven days in an atmosphere of 5% CO 2 . After incubation the cell monolayer was washed, lysated, the viral RNA was extracted and RT-PCR for HMPV was performed. The RT-PCR product was analyzed and the antiviral activity was evaluated comparing the intensity of the RT-PCR product obtained from the cell cultures, treated and untreated. M -100bp molecular marker (Fermentas); lines 1, 3 and 5 -extracts of U. fasciata obtained from Rasa beach + HMPV: extract prepared by maceration (1) (25 mg/mL), decoction (3) (100 mg/mL), and maceration of decoction (5) (12.5 mg/mL); lines 2, 4 and 6, same extracts without the HMPV (substance control). Lines 7, 9 and 11 -extracts of U. fasciata obtained from Forno beach + HMPV: extract prepared by maceration (7) (25 mg/mL), decoction (9) (100 mg/mL), and maceration of decoction (11) (25 mg/mL); lines 8, 10 and 12, same extracts without the HMPV (substance control); line 13 -HMPV positive control; line 14 -cell culture control. Fig. 4 -Inhibition of HMPV cell entry by several extracts of U. fasciata. Vero cell monolayers were inoculated 100 mL with a HMPV suspension diluted at 10 -1 and incubated by one hour at 4 °C. After adsorption, the monolayers were washed, treated with the extracts, and incubated for one hour at 37 °C. Afterwards, the monolayers were washed, MEM-Eagle was added and the cells were incubated at 34 °C for seven days in atmosphere of 5% CO 2 . After incubation the cell monolayer was washed, lysated, the viral RNA was extracted and RT-PCR for HMPV was performed. The RT-PCR product was analyzed and the antiviral activity was evaluated comparing the intensity of the RT-PCR product obtained from the cell cultures treated and untreated. M -100bp molecular marker (Fermentas); lines 1, 3 and 5 -extracts of U. fasciata obtained from Rasa beach + HMPV: extract prepared by maceration (1) (25 mg/mL), decoction (3) (100 mg/mL), and maceration of decoction (5) (12.5 mg/mL); lines 2, 4 and 6, same extracts without the HMPV (substance control). Lines 7, 9 and 11 -extracts of U. fasciata obtained from Forno beach + HMPV: extract prepared by maceration (7) (25 mg/mL), decoction (9) (100 mg/mL), and maceration of decoction (11) (25 mg/mL); lines 8, 10 and 12, same extracts without the HMPV (substance control); line 13 -HMPV positive control; line 14 -cell culture control. Vero cell monolayers were inoculated with 100 mL of a HMPV suspension diluted at 10 -1 and incubated at 37 °C for two hours. After incubation, the cell monolayers were washed and added to each extract and incubated at 37 °C for 10h, washed, added to MEM-Eagle and again incubated at 34 °C in an atmosphere of 5% CO 2 until it completed seven days of infection. After incubation the cell monolayer was washed, lysated, the viral RNA was extracted and RT-PCR for HMPV was performed. The RT-PCR product was analyzed and the antiviral activity was evaluated comparing the intensity of the RT-PCR product obtained from the cell cultures treated and untreated. M -100bp molecular marker (Fermentas); lines 1, 3 and 5 -extracts of U. fasciata obtained from Rasa beach + HMPV: extract prepared by maceration (1) (25 mg/mL), decoction (3) (100 mg/mL), and maceration of decoction (5) (12.5 mg/mL); lines 2, 4 and 6, same extracts without the HMPV (substance control). Lines 7, 9 and 11 -extracts of U. fasciata obtained from Forno beach + HMPV: extract prepared by maceration (7) (25 mg/mL), decoction (9) (100 mg/mL), and maceration of decoction (11) 8 select low-molecular compounds that present intermediate polarity such as terpenic and halogenic components, fatty acids and phenolic substances. In the extracts prepared by decoction, in which the algae were boiled in distilled water, the molecules obtained are hydrophilic, possibly macromolecules, for example, proteins and polysaccharides. In the case of the extracts prepared by maceration of decoction, because the solvent used was methanol, the substances found in this extract possess the same characteristics as the ones found in the macerated extracts described above, however, the fact that the material had been previously boiled could lead to the structural modification or evaporation of some of the molecules.
Organic components have been identified in algae of Ulva genus. Simple bromophenols, especially 2,4,6-tribromophenol 15 , lipid components 33, 38 , dimethylsulfoniopropionate (DMSP) have been largely described for this genus 44, 45 . In this work, we identified a mixture of the lipids as the major component at the maceration and maceration of the decoction extracts from both places. Tryacylglycerols and free fatty acids were observed as the major components in the extracts from Forno beach. In the crude extracts from Rasa beach, free fatty acids and methyl ester of fatty acids were observed as the major components. In all the organic extracts, a small quantity of sterols was observed. The Ulva genus is known to produce different polysaccharide 19, 21, 22 . In relation to the decoction extracts, the IR absorption bands should be an indication of the presence of sulfate polysaccharides in both the extracts.
The three extracts of the algae collected at Rasa beach presented excellent inhibitory activity against HMPV despite the method used for its preparation, while only the extract prepared by maceration from the algae collected at Forno beach presented similar activity. The other two extracts prepared by decoction and maceration of decoction showed only partial inhibition of the viral replication.
Although the chemical profiles of the major constituents have been observed in the organic extracts by the NMR analysis, the composition of the minor components in the extracts were not observed. The 1 H NMR spectroscopy technique has already been applied as a tool for the analysis of lipid mixtures. However, 1 H NMR spectra of lipid mixtures show only the resonances of all "NMR-visible" components that are above the detection threshold. Also, the 1 H NMR spectra of lipid mixtures often show only broad peaks, due to the partial overlap of several resonances arising from chemically similar protons in different molecules of the same classes. Thus, the information obtained from one-dimensional NMR spectroscopy is limited to the relative concentrations of some of the majority components. The results showed that the activity observed in the extracts could be related to the minor components or to the concentration of the active molecules In general, the algal extracts present low toxicity for cell cultures 1, 24, 37, 48 . The same was observed in this work. The extracts obtained by decoction, regardless of the place of sampling, presented a lower toxicicity than those obtained by maceration or maceration of decoction. Although most protocols use drug concentrations in which 50% of the cells remains viable, this amount of cells is quite small and could interfere with the antiviral tests, generating false results. The ideal condition of cell viability would be around 100% of viable cells. However, for some extracts, this concentration would have been very low (data not shown), a fact which could also mask the activity of the extract. Therefore, the concentration of the extracts used for the experiments was chosen to ensure that at least 80% of the cells in culture had remained viable 29 .
Because all the extracts showed some level of viral inhibition, more tests were conducted in order to investigate the mechanism involved in the antiviral activity. The results demonstrated that the majority of the extracts (five out of six) possess virucidal activity and therefore have the ability to interact with the extracellular viral particles and prevent the infection. On the other hand, only two extracts (from Forno beach, obtained by maceration and maceration of the decoction) were able to interact with cell receptors, hindering the viral entry. Finally, only the extract of samples from Forno beach obtained by maceration presented intracellular activity.
The extract obtained by maceration of decoction from the algae collected in Forno beach presented the most significant antiviral activity, possibly because two different mechanisms were involved: virucidal and inhibition of cell entry. These differences of activities between the extracts can be explained by the different abiotic conditions in which the seaweed grew such as, temperature, nutritional conditions and salinity of the water. This strengthens the theory of BRAVIN & YONESHIGUE-VALETIN that environmental factors are able to influence the production of the compounds of the marine algae 6 , since these conditions vary from one place of collection to another.
Another factor that can be associated to the different activities presented by the extracts is the method used to obtain them. Most of the research on antiviral activity of marine algae had focused on the role of sulfated polysaccharides 14, 17, 40, 51 which are large negatively charged molecules, which makes it difficult for such molecules to have an intracellular activity, although intracellular activity has already been described for a sulfated polysaccharide 16 . This type of components was observed in the extracts prepared by decoction.
The molecules found in extracts prepared by maceration with organic solvents are smaller, facilitating the entry into the cell, thus explaining the intracellular activity of the extract of U. fasciata collected from Forno beach prepared by maceration. It could also explain the excellent activity observed during the cell entry stage of the viral cycle observed for the extract prepared by maceration of the decoction of the algae collected at the same place.
To our knowledge, this is a pioneer study on antiviral activity of marine algae against HMPV. It is also the first study on antiviral activity against HMPV ever done in Brazil. The study also shows the effect of different environment and different chemical procedures used to obtain the extract on its biological properties. Based on the present findings it could also be inferred that bioassay guided by fractionation and purification of U. fasciata active extracts may produce potent bioactive compounds.
RESUMO
Atividade antiviral da alga verde marinha Ulva fasciata na replicação do metapneumovírus humano
Neste artigo, foi avaliada a atividade antiviral da alga marinha Ulva fasciata, coletada nas Praias do Forno e Rasa, em Búzios, Rio de Janeiro, Brasil, sobre a replicação do metapneumovírus humano (HMPV). 
